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Abstract
‘J ‘his papw dcscribcs  a major brcaktlmugh  in mcrgy  technology  dcvclopcd  at the .lct

l’roJ~u]sicm 1,ahoratory  thal can bc used in a wide variety of portable, rmmtc  ald transportation
aJ>J>licaticms  without polluting the cnvirmmcnt. ‘J’hc status, performance, and dcsigtl
considerations of the .lI)l. non-po  Jlutit~g, 1 )ircct MctJlatml,  }~uc] Ckll sys tem for ccmsumcr
cquiJm]ctlt and transportation aJ3plications  arc rcJmlcd  herein. ‘l’his JICW fUC] CC]]  tCChtlO]Og~
utilins  the dirccl oxidation of a 3°/0 aqueous liquid methanol solution  as the fuel and air (Oz) as
the oxidant. ‘1’Jw only products arc Q and water. “1’hcrcforc,  bccausc  recharging can bc
ac.complishcc]  by rcfucJing with methanol, vehicles cm cJIjo y un]imit  cd range and cxtcndcd  usc
compared to battery operated devices requiring, recharge time at~d pmvcr accessibility.

IN’I’I<O1)lJ(:’J’JON”
SCVCra] typCS Of fUC] CC]]S  Ihat OpCrak  uJldcr Jlear alllbiCllt  COllditiOJIS  a r c  CWrCJlt]y  UIK~Cr

dcvc]oJmcnt. ] ] ydrogcn  / air fuc] CC]]S  that uti ]izc a 1’1 \M (]]rotcm ] {xchange Membrane) as the
c]cctt’o]ytc  or phosJ>Jmric acid ]iquid-c]cctm]ytc  type arc presently being implcmcntwl  irl
transJmrtation  applications, e.g., for buses. Although the ])] {M solid po]ymer  e]ectro] ytc fuel
CC1l  S offer reducc(i  mass, volume and cnhatlccc]  simJ?]icity,  the usc of 112 as a fuel presents some
praclic:il  problems, such as safety and storage systcm weight and VOJLIIIIC  especially for consumer
and transportation aJ3J31 i cat ions.

Mcthaml  is an attractive alternative to ] IZ in view of its higher energy density (2 x), low cost,
case of handling and storage, and caJ}abi Iii y fbr distribution, ]ndircct  methanol fuel cells using
reformers to convert methanol to 112 add complexity and cost as WC1l as having potmtial  fol
undcsirab]c  Jw]]utants  such as carbon monoxide.

‘J’Jlis paper dcscribcs  the c.apahility of the l)ircct Mcthano],  1,iquid-l;ccd  l:UC1 Cell with 1’llM
(l)MI JI’1’C/l’l{M)  which allows tJlc direct usc of a aqueous, low concentration, liquicl methanol
so]ution as the fuc] without coJNp]cx on-board fuc] reforming. Air (02) is the oxidant. ‘]’hc
mcthat~o]  and water react directly in the anode chamber ofthc fuel ccl] to produce carbon dioxide
and pJOtOJN that pcrmcalc the P1{M atld  react with tJlc oxygcJ]  at the cathode, ‘Jhc reactions arc
as follows:

Anode (:ll@ll -1 ll~o + (X)2 -1 6] 1+ + 6C- (1)

~athodc 3/2 02 + 611+ -} (w- + 31120 (2)

Net  l<caction (~1130;1  - I 3/2 02 + (X)2 -1 2,1120 (3)



‘1’hc thcorctica]  energy ca ability of methanol as given in the above reactions is 161 ampere
Yhours for every 32 g (-40 cm-) of methanol. ‘1’hc present performance is 35’?40 of this m 1.4 kW-

hr pcr liter of mclhanol.

in the present concept, mcthano] is stored jn lhc fuc] tank sjmi]ar to gaso]inc. It then flows
into a mixing tank to achicvc  a concentration of 3°/0 mcthano]  (97°/0 water). ‘]’hc mixt urc then is
pumped into the anoclc chamber. the unused mcthaml  and water rcturm  to the mixing tank.
Water js consumed j]) the reaction al the anode and produced at the cathmlc  ami thus permitting a
C]osccl  Systcm. ~’hc only product other than water is non-polluting M)Z. ‘1’hc amount  of CX}z
rc]cascd would  bc ICSS than that from today’s internal combustion engines (10 ;s) bccausc  of
improved cfticicncy of the fuc] ccl] systcm. An important a(lvantagc of this technology is that
refueling can bc performed in a manner similar to present gasoline rcfuc]ing. ‘1’bus, with the
projection of the infrastructure similar to gasoline, this technology is potentially the most
practical energy source for a wide variety of transportation, and consumer applications.

CIXI..I  / 1)1’XR1l’’I’DN
A schematic diagram of a JIM] ,l~lIXM’1  lM is shown in lU(ilJRl\  1. ‘1’hc existing ccl] employs

a fine layer of ]>latilltll]l-rlltllcl~  itlt~~ (1’t/l<u) as the anode catalyst, platinum black (l’t) as the
cathoclc catalyst, and a polymer mcmbrmc  (presently Naficm 117) as the solid polymer (1’l;M)
clcctrolytc. l)rcscntly  3?40 aqueous solution of mcthano]  is bcjn,g used as the fuel (1 ]ighcr
concentrations of mcthano]  arc pro~ccicd  to give hi.ghcr performance but are presently limited by
the Nafion  membrane which allows mcthano] to flow across to the cathoclc and thus inefficiently
react lo produce water and CX)z.) ‘1’hc 1’1 ;M cmp]oycd  in the IIMI ,l;l~U1’llM separates the
amdc (mgativc)  and cathode (positive) chambers. ‘1’hc thickness of the P}lM ccl] js on the order
of 0.020” wjth the clcctrodcs  and separator of equal thickness.
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‘1’hc aqueous solution of mcthano]  is fed into the fuc] chamber (anode) and air circu]atcd  wjth
a fiin or under sljght  presswcs  jnto the cathode chamber. ‘1’hc air pressure sclcctcd,  from ambjcnt
fan circulated air to 20 psia, clcpcnds  on the application. “l-he water pmduccd at the cathode can
bc circulated back to the methanol/water reservoir or rclcascd  as a vapor or liquid. ‘J’hc unused



methanol/wafer solution is also circulated back to the reservoir wlv.m it is i[~jectcd with mcthano]
to maintain ccmccntration.  ‘J’hc ~Oz product is rclcasccl as a gas.

I‘11KUN<)].Q(;%  Al lV_&NIX~DS———.
‘J’hc 1 )Ml ,1~11’U’l{M design, which uscs a n~clhanol/water in liquid form, offers numerous

syslcm ICVCI advantages over the 1 IZ gas-feed or mcthaml  reformer dcsifys,  ‘1’bcsc advantages
incluclc:  (a) elimination of a fuel vaporizer and its associated heat scmrcc  and controls, (b)
elimination of comp]cx humidificaticm and thermal management, (c) use of the liquid
methanol/water in the dual purpmc  of a fuc] and an cfficicnt  stack coolant, ancl (cl) significantly
lower systcm si~c, weight, complexity, and (c) operate at a tcmpcraturc below the boiling point
of water. Also, the solid-state 1}1 iM ccl] design does not suffer fmm the disadvantages of the
phosphoric acid liquid -elcctrol ytc cell design which is also complex, vo] uminous,  and massive.
‘1 ‘he usc of 1’1 ;M eliminates the problem of tmublcsomc  shunt currents.

l)l<l{S1 ;N’J’ l)I{I{lK)RMAN(;l  ;
Single-cc]l and five-ccl] stacks of 5.1 em x 5.1 cm (26 cm2) and 10.2 cm x 15.2 cm (1 55 cm~)

clcc.trodc area bavc been operated continuously for 200 hours at 363K and intermittently by our
associates at Clincr ]nc, for 2000 hours at 333K without noticeable degradation. ‘lihc OUtJ>Llt
dcpcmis  on tcmpcraturc and the C.CIIS have been operated over a tcmpcraturc range from 283K to
363K. ‘1 ‘hc advances in performance since the disc.ovcry of the tcchnol  ogy at .11’1. in 1991 arc
shown in 1;1 GLJR1 ~ 2, AI the hi ghcr tcmpcraturc, a 155 cm12 exhibits 0.5 V al a continuous load
of 48 Amps using 3°/0 methanol and 20 psig air. A peak power of 39 W is achicvcd  at 96
Amps. AI 333K, a five CCII  155 cm2 clcctrodc  stack exhibited 2.3v at 23
response, tbc voltage immcdiat c1 y rcspcmds to changes in load.
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l;l(IURI { 2. Advanccmcnts in Pcrformancc

SYS’1’J!M 1SS[11;S
A basic. schematic of the fuc] ccl] systcm is p,ivcn  in 1~1 GIJR1 t 3 which operates as dcscribcd

1a )ovc. It pmvidcs an example of a l)MI ,ll’I;(l /J’l;M stack integrated into a system. An ovcral]
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systcnls  study for applications from 5 \Yto 5 kW has shown that with the auxiliary equipment
required to maintain the controls in an intcgratccl IIMI,I:l:CM)l{M systcm is viable. Scvc~al
fictors  lla~~cto  bccol~sidered  il~dcsigllillg  al)Ml,l~I~(;/J'l  lh4s)~stclll  foratlapplicatic~ll,  ‘1’hefour
subsystems including; the, Methanol/Water ll’ccc  I, ‘1’hcrmal and Water Management, and
1 llcclronics  and (kmtm]s.
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Q]!. dStack SubsystcIn

‘1’hc application will dictate the voltage, current and peak power rcquircmcnts.  ‘1’hc voltage
required clcpcnds cm the number of CCIIS  in series comprising the stack. ‘J’hc electrode area
dctmmincs  tbc cun-cnt capability. ‘1’hc appropriate combination of vo]tagc and current can either
bc supplicci to the buss directly or can go provide input  into a voltage ccmvcrtcr.  Keep in mind
thal onc of the advantages of this systcm is that small increases in elcctrodc  area can illcrcasc
current capability substantially while voltage is a function of the number of CCIIS. Iloth  arc
affcctcd by temperature, rate of reaction, quantity and rate of oxidant, and concentration and rate
Of fLIC] flOW. ‘1’hus a balance has to bc achicvcc]  for each application.

(h]c of the kcy fcatum affecting stack design is the bipolar plate (biJ>]atc)  which plays three
roles: it provides the clcctrcmic  conduction from one ccl 1 to the other avoiding cell inlcrconnccts,
it provides a flow-fie]d  for the fuc] mix[urc  and air to flow through manifolds to the appropriate
clcctrodc  surface, and transmits the force from Ihc cmlplates  to the electrodes to maintain
conductivity.

Mctllall[)l/ULatcr/<)z  l~ccd Subsymcm—. —.

‘1’his subsys[cm  provides the mechanism for mixing, maintaining and feeding the aqueous
mcthano] to the amdc chamber. “1’his  can bc done by control ljllg the concentration of the
mcthano]  in the mixing chamber by a mcthano] sensor designed for that purpose. A small pump
or pressure dcvicc  is used to move the aqueous fuc] into the anode manifo]d  in the stack at a
constant pressure and flow rate. ‘1’hc unused  mcthano]  and water returning to the chamber also
contains (X)2 from the anode reaction. Ilccausc the (X)z is in the form of a gas it is scparatccl



.

from tlm liquid and rcleasccl  from the mixing, chamber. Although tlmrc is a potential for dmplcts
of methanol to accompany the gas rclcasc. a filter will bc cmp]oyccl to prevent this from c1 to
react with Ihc protons cli ffusing  through the 1)1 ~,M. ‘1 ‘hc systcm provides  maximum power with
Oz, however, acicquatc power is proviclccl  using air (1:1 GUR1 i 4). Again, although pressurized air
is clcsircci  tO maximize 02 tO the callmic,  the systcm can provide adequate power for some
applications by usjng  a simp]c fan to pmviclc air flow through the flow-field and across the
catlmlc  surface. lkcausc  there is no Ii uid clcctro]ytc,  the cathode can be exposed to outside

‘1air. ‘1’hc  Jmwcr density of 230 mW/cm at 600 mA/cm2  (equivalent to 100 A on a 1 S5 crt12
clcctroclc) using  air is compared to 02 as the oxidant in shown in l;igure  5.
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lJICilJl<l{ 5. Pcrformancc of Air and oxygen

‘] ]lcrJlla]  And Water MaD~gcmcnt  St]bsy~@]]-.——— .. ———_.. _

Water js usccl in the reaction with mcthano] at ihc anode. } lowcvcr, as given jn the rcacliom
1-3 above, three times as much water is produced as rcaclccl. Water also enters the cathcdc
chanlbcr  from two other sources; a) water clrag,ged through the P] lM a]cmg with the protons, and
b) water produced in tbc cathode chamber by the reaction of methanol that also is drag,gcd
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thIoLIgh the membrane into the cathode side. ‘1’hc latter product  is tbc same as that produced
clcctrochcmically,  i.e., U)z and water, however, this is an inefficient rcactim  from an energy
point of view bccausc  no electrons arc gcncratcd.

‘J’hc water rccovcry  and tcmpcraturc of opcrat ion is USCCJ  for balancing the amount of water
returning to the mixing  chamber, that which is vaporized and that which is rclcascd  as a liquid.
l~or example, in a transportation apJ~lication  water would bc circulated through a radiator of the
type presently in usc in vchic]cs  to maintain the constant operating tcmpcraturc.  (Uoincidcntally,
it is Ihc same tcmpcraturc (-373K)  that is usccl in vchiclc  radiators today. in the case of a lawn
mowc]  application the water could bc used to water the lawn as it is mowed. 1 n a marine
application tbc water in pure form from the cathode chamber could bc stored for drinking or
cooking. ‘1 ‘hc rate and temperature at which the water is produced determines the state of the
effluent and tbcrcforc  the tcmpcrat  arc of opcrat ion. ‘1 ‘hc effect of tcmpcraturc  on performance is
given in ljigurc  6 for air and oxygen for a five CC1l  stack . Note that altbmgh  the performance is
lower, operating at a lower curfcnt  will rcsu]t in the same voltage output. ‘1’his is the case for the
two military aJ~plications  dcscribcd  below.
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l)crformancc  of a 5 ccl] stack at 333K and q63K

ltkc.tronics and Gmtrols  sl~bsystcl~

(kmtrols arc nccdcd  for pumping fuc] and air into the aJqmopriatc manifolds. Selection of
these is dcpcndcnt  on the application. Sensors arc required to monitor and control mcthano]
concentration and tcmpcraturc. A cmvcrtcr  may bc required to boost the voltage of a stack to
the operating voltage. l~or example, a 110 V systcm usinp, only fuc] cells wou]d require a 220
CC1l  stack. ‘1’hc fuel and oxidant flow as well as cent inuit y of the stack can bc complex. As an
altcrnalivc,  a smaller stack of 50 cells JX’OdLICillg  25V can bc boosted to 11 OV with a loss in
efficiency of about 10O/O. ‘1 ‘Jlc clectrodc  area wou]d have to bc incrcascd  to account for the
additional current and inefficiency. 1 Iowcvcr,  with 0.3 A/cn~2  the increase in area would bc
reasonable.



]) I<l;SliN”l’  AIWI ,lcArl’lONS-.———

Unchx the 11’1, ‘1’ethnology Affiliates l’mgram, the I)MI /l~l~(Y1’l{M  tCChllO]O~y
.1I’1, has bccm transferred to 1)’1’1 ltncrgy,  a private Gdifornia  company interested

clcvdopccl  at

in the mass-

scalc  manufacturing of fuel cells, ]1’1’1 has been funding the I)MI ,]1’];~/]’}~h4  dcve]opmcJlt  cff(nl
for transportation, stationary pmvcr and conlmercial  applicatims.

II] the IJAI<l’A J>rogram  at j]’],, Gincr, and lJS~  arc involved in the dcvc]opmcnt  of an
advancccl lig$twcight  I)MI .II’ll’UI)l{M systcm to rcp]acc the 13A 5590 primary lithium batlcry
used in clcfcnsc communication equipment. ‘1’his has the advantage of significantly rccluccci
logistical issues as well as ]ongcr operational ]ifc without disasscmb]  y. A SOW fuc] cc]] system
inc]ucling ancillaries will rcplaec  the 12.7 cm x 10.2 cm x 6.4 cm battery pack prcscnt]y  in usc
and a]]ow the so]dicr to rcchargc his fuc] cc]] power pack in Ihc field (I;l(;lJI<l{  7). his systcm is
being clcsigncd for 333K opcraticm and the usc of flowing air.

ln a program for the lJ.S. Army, a small 4W fuel cell/ battery systcm for field USC. ‘l’his
app]icat ion is also to rcp]acc batteries where 6 months of fic]ci storage is required whi IC
co]lll~lllllicatiolls  arc ongoing. A reservoir will bc proviclcd to store the mcthano].  in addition, a
lithium-ion ba{[cry  wil 1 be provided to provide the peak power and thus minimize fuel CCI1 stack
size (l:ICIUR1;  8). ‘1’his systcm is being clcsignccl  for 293K opcratim,
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l~l<ilJRl;  8. IIA5590 with a J)MI ,l~l~U’l;M  Rcplaccmcnt

]J) a design provided by Gincr  ]JIC.  a small vchic]c requiring 5 kW of power cou]d bc
provided with a I>M1 .l:}:Ul)}tM systcm wherein the fuel ccl] stack is projcctcd  to bc
approximatc]y  28 liters. “1’hc ancillaries associated with the operating system would  add 25?40 to
the package. ‘J’hc pro~cctccl  characteristics of a 5 k W stack that would go into a light-weight
vchic]c-t  ypc using state-of-arl materials arc shown in ‘1’A131,1 L 1. I}rcliminary  ana]ysis  of stack
systcm shows that a minimum cell voltage of 0.55V and current  density of 300 JIIA/CI112  with a



cmssovcr  loss of 10°/0 is required to achieve >300 W/kG and 300 W/l for a 500 W stack. “1’his
design poi t]t appears feasible based cm performance achicvcd to date and the advanced dcvclopmmt
tasks planned for this program. “J’hc data shown in ‘JAI]] ,111 were dcvc]opcd  for a 5 kW IIMI ,1~1:~
/ 1’llM with 91 cells of active area 316 cm2 /ccl].

‘1 ‘hc present clcctmchcmical efficiency (product of vo]tagc efficiency and fuc] efficiency) of
the laboratory cells is about 35°/0 whcJJ air is used as the oxidant, i.e., the voltage of 0,5 V
together with the mct}lano]  crossover accounting fbr 20% of the cun’cnt. 11 is expcctcd  that with
a ncw membrane that restricts methanol crossover, higher mclhano] ccmccntraticm, and improved
clcctrodc  designs and catalysts, higher voltage and current, efficiencies approaching 50°/0 lCVCIS
arc achicvab]c,  i.e., with 0.6V/ ccl] and <1 0°/0 c.rossovcr. USC; has rcporlcd  that a membrane is
availab]c  that restricts mcthano]  CIOSSOVCJ” to So/O.

l~inal]y,  It is projcctcd  that the cost can also bc rcducccl  with the ncw low cost membranes,
lower platinum loading and low cost biplatcs  all of which arc under dcvc]opmcnt.  IFurtber,  since
l’latinum is recoverable, a system for trading in olclcr fuc] ccl] stacks is also possible thus
lowering the cost.

‘l’All] .1{ 1: l’rojcctcd  [characteristics of l)roposed  5kW Stack

—. .— .
GIVEN

System  Output  power (kW) 5—
System Output Voltage (V) 50
Overall Thermal Efficiency (Fraction) 04
Cell Current Density (m~cmp) 300
Minimum Single Cell Voltage, (V) 0.55
Single Cell Active Area (cm?) 316

Crossover (1 OYO)  Current Density (malcm~) 30
Methanol/O z Reaction (V) 1.25..— —-——

RESU1.TS
No. of Cells in Electric Series

— — —
91

System Weight (kg) 14.7
System Volume, (Liters) 14.5
Length of Stack (cm) 38
Height of Stack, (cm) 19

Width of Stack, (cm) 19
Power Density (W/Liter) 344

Specific Power (W/kG) 365.—— ——

SlJM_h4ARY

Significant performance has been demonstrated by a non-p o]]uting, casi] y rcfuc]ablc  ])ircct
Methanol, 1,iquid-l~ccd  l~ucl  ~cll with 1’IIM that has application in a number of military,
commercial and vchicu]ar  applications. systems  modc]s have shown the capability for meeting
applications from 4 W to 5 kW and beyond, ‘J’hc Jwcscnt stack performance efficiency of 35?40
has bccm dmcmstratcd  with 50% rca]istica]]y projected.
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